Introduction
The dynamic interplay of ocean and atmosphere drives climate variability. Ephemeral (days to weeks) perturbations in the atmosphere leave their imprint on temperature and salinity at the sea surface, where winter mixing processes and the high heat capacity of sea water can store such thermohaline anomalies in the ocean's long-term memory (Dickson, 1997; McCartney, 1997; Sutton and Allen, 1997) . These signatures of oceanatmosphere interactions in the past subsequently influence stratification processes, sea surface temperatures, circulation patterns, and climatic conditions for months to years into the future (Curry et al., 1998; Rodwell et al., 1999) . An ability to detect these signatures and anticipate their fate is critical to predicting climate change and its impact on marine ecosystems.
Our understanding of ocean-atmosphere interactions and their role in climate variability has increased substantially in recent years. Earth system scientists have characterized many modes of climate variability and correlated them with a variety of processes in the biosphere (Bolin et al., 1986; Mooney et al., 1993; McGowan et al., 1998) . The strongest and most well known mode of climate variability is the El Niño Southern Oscillation (ENSO), a phenomenon originating in the tropical Pacific Ocean but impacting weather patterns and ecosystems around the world (McPhaden, 1999) . The basic ENSO signal lasts for approximately a year and recurs at intervals of 2-8 years (Rodbell et al., 1999) . Its intensity can be influenced significantly by longer term modes of climate variability, such as the Interdecadal ENSO and the Pacific Decadal Oscillation (PDO; Trenberth and Hurrell, 1994) .
Although lacking an interannual mode of climate variability comparable in intensity to ENSO, the North Atlantic does exhibit an interdecadal mode, the North Atlantic Oscillation (NAO; Hurrell, 1995) , comparable to the PDO found in the North Pacific. Recent reports suggest that the NAO may be an Atlantic manifestation of a larger northern hemisphere phenomenon, the Arctic Oscillation (AO; Kerr, 1999) . Whether a manifestation of the AO or not, the NAO has important effects on the climate and physical oceanography of the North Atlantic. Here, we review what is known about the North Atlantic's physical responses to the NAO and also how these physical responses are reflected in the dynamics of North Atlantic shelf ecosystems. Then we suggest a conceptual framework for studying the response of Calanus finmarchicus populations to climate variability in the North Atlantic, with special focus on the NAO and shelf ecosystems of the Northwest Atlantic.
Physical responses of the North Atlantic Ocean to the NAO The NAO Index is based on the average atmospheric pressure difference during winter between the Azores and Iceland [ Figure 1 (a), (b)]. A positive phase of the NAO corresponds to a period of enhanced pressure differences; a negative phase corresponds to a period of reduced pressure differences. The NAO Index has fluctuated considerably during the 20th century (Figure 2 ), but three general trends can be identified. Prior to 1935 the NAO Index was predominantly positive, from the late 1950s to the early 1970s it was predominantly negative, and from the early 1970s to the mid-1990s, it returned to predominantly positive.
The NAO has dramatic effects on climate in the North Atlantic Basin and adjacent continental landmasses. During positive phases of the NAO, the westerly winds intensify and the North Atlantic storm track shifts to the north [ Figure 1(a) ]. This northward shift of the storm track leads to warmer, milder conditions in the western Atlantic and along the east coast of the United States, colder, stormier conditions in the NW Atlantic and Greenland, and warmer, milder conditions in the NE Atlantic and northern Europe (Hurrell, 1995; Dickson et al., 1996) . In contrast, during negative phases of the NAO, westerly winds diminish in intensity and the storm track shifts to the south [ Figure 1( b) ]. This leads to colder, stormier conditions in the western Atlantic and along the east coast of the United States, warmer, milder conditions in the NW Atlantic and Greenland, and colder, drier conditions in northern Europe (Hurrell, 1995; Dickson et al., 1996) . In addition, strong northerly winds arise in the eastern portion of the North Atlantic Basin that influence surface mixing, wind-driven circulation, and upwelling patterns along the west coast of Europe (Mann and Lazier, 1996) .
The NAO also has dramatic effects on the shallowand deepwater circulation patterns of the North Atlantic. During positive phases of the NAO, convection is deeper and more intense in the Labrador Sea, a relatively cool, fresh, and thick layer of Labrador Sea Water (LSW) is formed, and volume transport in the Deep Western Boundary Current increases while volume transport in the Labrador Current diminishes [ Figure  3 (a); Dickson et al., 1996; Dickson, 1997; Curry et al., 1998 ]. In the NE Atlantic, convection during positive phases of the NAO is shallower and weaker in the Greenland Sea, the deepwater layers are warmer, more saline and thinner, and the formation and volume transports of Greenland Sea Deep Water (GSDW) and Norwegian Sea Deep Water (NSDW) diminish [ Figure  3 (a); Dickson et al., 1996; Dickson, 1997] . When the phase of the NAO reverses to negative, these patterns of convection and deepwater formation in the Labrador and Greenland Seas also reverse [Figure 3(b) ]. Hence, convection becomes shallower and weaker in the During positive phases, the westerly winds intensify and the North Atlantic storm track shifts to the north. During negative phases, the westerly winds weaken and the storm track shifts to the south. In addition, during negative phases of the NAO, northerly winds develop over the NE Atlantic and northern Europe. Redrawn from Mann and Lazier (1996) .
Labrador Sea, the LSW layer becomes warmer, saltier, and thinner, and volume transport in the DWBC diminishes while the volume transport in the shallow Labrador Current increases (Dickson et al., 1996; Dickson, 1997; Curry et al., 1998) . In synchrony with the above events in the Labrador Sea, convection becomes deeper and more intense in the Greenland Sea, the deepwater layers are cooler, fresher, and thicker; and the formation and volume transports of GSDW and NSDW increase (Dickson et al., 1996; Dickson, 1997) .
The deep, intense convection observed in the Greenland Sea during negative phases of the NAO is mirrored by shallow, intense ventilation in the western Sargasso Sea and increased formation and spreading of 18 Mode Water (Dickson et al., 1996) . In addition, the position of the Gulf Stream's north wall appears to shift in response to the NAO, northwards during positive phases of the NAO and southwards during negative phases (Planque and Taylor, 1998) . The physical mechanisms for this response are not well known, but the response itself appears to involve a two-year time-lag and is predicted well from the NAO Index integrated over a three-year period (Planque, 1996; Taylor and Stephens, 1998) . There is considerable variability in the expression and timing of all these patterns, and unusual events like the Great Salinity Anomaly (Dickson et al., 1988b) can alter the expected patterns significantly.
Responses of North Atlantic Shelf ecosystems to the NAO
The responses of North Atlantic Shelf ecosystems to the NAO are mediated by the coupling of physical and biological processes. Plankton time-series data, collected with the continuous plankton recorder (CPR; Hardy, 1939) , have been used to investigate this physicalbiological coupling (Mann and Lazier, 1996) . To date, ecosystem responses have been documented better in the NE Atlantic along the coasts of Europe than in the NW Atlantic along the coasts of the United States and Canada. In the NE Atlantic, the NAO influences phytoplankton standing stock by regulating mixed layer depth, thereby affecting the onset of the spring bloom and subsequent levels of primary production (Mann and Lazier, 1996) . Based on data reported previously by Dickson et al. (1988a) , Mann and Lazier (1996) suggest that the warmer, milder conditions along the coasts of northern Europe and the United Kingdom during positive phases of the NAO favour earlier onset of the spring bloom and higher phytoplankton standing stock. In contrast, they suggest that the increased northerly winds during negative phases of the NAO deepen the mixed layer and suppress the onset of the spring bloom as well as subsequent phytoplankton standing stock. Based on data reported previously by Colebrook (1986) , Mann and Lazier (1996) further suggest that zooplankton responses to the NAO reflect phytoplankton responses, with standing stock enhanced during positive phases of the NAO and diminished during negative phases. The zooplankton responses are not uniform throughout the NE Atlantic, however, and important species-specific differences have been observed within the genus Calanus (Planque and Taylor, 1998) .
The two species of Calanus common to the NE Atlantic, C. helgolandicus and C. finmarchicus, exhibit opposite responses to the NAO owing to their different temperature preferences, life-history traits, and responses to physical transport processes Stephens et al., 1998; Planque and Taylor, 1998; Planque and Batten, 2000) . Calanus helgolandicus, the warmer water species, is abundant from spring through autumn and does not exhibit diapause. Where this species co-occurs with C. finmarchicus on the North Sea Shelf, it increases in abundance during positive phases of the NAO and decreases in abundance during negative phases. In contrast, C. finmarchicus, the colder water species, dominates the spring zooplankton biomass and has an overwintering diapause stage that resides in deep water adjacent to the continental shelf. Populations of this species in the North Sea, Irish Sea, and shelf waters north and west of Scotland and Ireland increase in response to negative phases of the NAO and decrease in response to positive phases. These responses have been attributed to the NAO-dependent northerly winds that can enhance onshelf transport and recruitment of late copepodites as they migrate vertically from their deepwater, overwintering habitat .
In addition, recent studies by Heath et al. (1999) suggest that another NAO-dependent advective process may contribute to the observed patterns. Those authors have shown that the main source of overwintering late copepodites that subsequently recruit to the shelf in spring is located at depths >600 m in the FaroeShetland Channel. After ascending from diapause, the copepodites are transported east by prevailing surface currents onto the Shetland Shelf and into the North Sea. Heath et al. (1999) hypothesize that the size of the diapause stock in the Faroe-Shetland Channel is set by the extent of deepwater overflow from the main regional stock of diapausing C. finmarchicus found in the Norwegian Sea. During negative phases of the NAO, when NSDW formation is most active, there should be a greater flux of diapausing copepodites across the Iceland-Scotland Ridge in the Faroe-Shetland Channel. During positive phases of the NAO, when NSDW formation is less active, the flux of copepodites through the Faroe-Shetland Channel should be reduced. The former circumstances would increase the abundance of late copepodites available to recruit to the shelf, whereas the latter circumstances would reduce their abundance. Both sets of circumstances would reinforce the population responses of C. finmarchicus previously attributed to the NAO-dependent northerly winds, although the longer time-lags associated with alterations in thermohaline circulation patterns may complicate the picture.
Few studies in the NW Atlantic have attempted to link variability in plankton abundance with the NAO. In a rare comparative study, Jossi and Goulet (1993) analysed CPR copepod data collected from the NW Atlantic during the period 1961-1989 and contrasted them with CPR data collected in the NE Atlantic during the same period. In their comparisons, they used the same processing and analytical methods that researchers at the Sir Alister Hardy Foundation for Ocean Science (SAHFOS) used in analysing the NE Atlantic CPR samples. Jossi and Goulet (1993) found no consistent, long-term trends in the abundance of most copepod species, with the exception of C. finmarchicus. The abundance of C. finmarchicus increased in the Gulf of Maine during the 29-year period [ Figure 4(a) ], a finding contrasting with the simultaneous decline of its abundance reported by SAHFOS researchers for extensive areas of the NE Atlantic Shelf. Jossi and Goulet (1993) concluded from their results ''that zooplankton of the north-east Atlantic and the US north-east shelf ecosystems [were] responding to different environmental forcing functions during the past three decades''.
Conceptual framework for studying the responses of Calanus finmarchicus populations to climate variability in the North Atlantic While it may be true that copepod populations from shelf ecosystems on both sides of the North Atlantic often respond independently to different local and regional environmental forcing functions, we should not exclude the possibility of coupled, but contrasting ecosystem responses to basin-scale climatic events like the NAO. As we saw earlier, climatic and physical oceanographic responses to the NAO vary in different regions of the North Atlantic; therefore, the responses of shelf ecosystems to the NAO may vary by region as well.
To develop a predictive understanding of shelf ecosystem responses to climate variability, we suggest that a new conceptual framework is needed. We propose that the whole North Atlantic Basin be viewed as a network of distinct but coupled large marine ecosystems (LMEs). Borrowing the LME concept from Sherman and Alexander (1986) , but defining the boundaries of such LMEs in the NW Atlantic differently (Figure 5 ), we note that each LME has its own internal ecological dynamics and is also influenced to varying degrees by advective exchanges with neighbouring LMEs. By quantifying how the rates of key ecological and physical transport processes are forced within each LME during a given climate mode, one could, in principle, use such a network model to predict local, regional, and basin-scale responses to the NAO.
This conceptual framework can be used to determine if a simple, NAO-based explanation can reconcile the opposite trends in C. finmarchicus abundance observed on both sides of the North Atlantic (Jossi and Goulet, 1993) . First, we place within this new conceptual framework the two hypotheses described earlier to explain the population dynamics of Calanus species in the North Sea. According to the first hypothesis, the population dynamics of C. helgolandicus are characterized as driven by the North Sea ecosystem's internal ecological dynamics. C. helgolandicus is hypothesized to respond favourably to positive phases of the NAO as the warmer, milder conditions in the North Sea favour higher primary production and more rapid growth rates of this warmer water species Planque and Fromentin, 1996) . Both factors could contribute to the increased secondary production and abundance of C. helgolandicus during years associated with positive phases of the NAO. According to the second hypothesis, the population dynamics of C. finmarchicus are characterized as driven by the North Sea ecosystem's advective exchange with its neighbouring deepwater ecosystem. Calanus finmarchicus is hypothesized to respond favourably to negative phases of the NAO, because two different advective processes serve to enhance onshelf transport of late copepodites during their ontogenetic vertical migration from diapause Heath et al., 1999) . This enhanced transport into the North Sea leads to recruitment advantages reflected in the species' increased secondary production and abundance during years associated with negative phases of the NAO.
Next, we examine the CPR time-series data for C. finmarchicus in the context of these two hypotheses. The 1961-1989 time-series analysed by Jossi and Goulet (1993) correspond to a period when the NAO shifted from the century's most negative phase to one of its most positive. The decline in abundance of C. finmarchicus in the North Sea over this 29-year period is entirely consistent with the second hypothesis. This raises an obvious question -can a simultaneous increase in the abundance of C. finmarchicus in the Gulf of Maine also be linked to the NAO and still remain consistent with one or both of these hypotheses?
In answering this question, it is tempting to suggest that the first hypothesis, the one applied to C. helgolandicus in the North Sea, could explain the trend of increasing C. finmarchicus abundance in the Gulf of Maine. Unfortunately, the environmental and biological patterns are not consistent with this explanation. First, the NW Atlantic's climatic and physical oceanographic responses to the NAO are different from those in the NE Atlantic. Therefore, any explanation based on internal ecological dynamics would have to involve another set of interacting physical and biological processes. Furthermore, in contrast to the positive and significant responses of other copepod species observed during this period in the North Sea (Planque and Taylor, 1998) , the lack of any significant responses by similar species in the NW Atlantic (Jossi and Goulet, 1993 ) makes this explanation less convincing. A more thoughtful consideration of the biology and role of C. finmarchicus in the North Atlantic may yield a more satisfactory answer. To appreciate the ecology of C. finmarchicus in shelf ecosystems, it is essential to recognize its oceanic character. Although C. finmarchicus often dominates the zooplankton biomass and secondary production of shelf ecosystems, at least during certain seasons, its shelf populations are rarely selfsustaining. Therefore, they should typically be viewed as expatriate populations derived from a North Atlantic oceanic source (Longhurst, 1998) . From this perspective, we suggest that the trans-Atlantic responses of C. finmarchicus shelf populations to the NAO are driven primarily by changes in advective transport processes. This leads us to the following NAO-based interpretation of what happened during the 29-year time series reported by Jossi and Goulet (1993) .
At the beginning of Jossi and Goulet's (1993) time series, in the early 1960s, the North Atlantic was experiencing a strong negative phase in the NAO (Figure 2) . Cooling in the Canadian Arctic reduced the input of cold, fresh meltwater to the Labrador Sea, so its shallow waters became warmer and more saline. This reduced deepwater convection and the formation of LSW (Figure 3) . At the same time, volume transport in the Labrador Current increased (Figure 3) . On the Labrador Shelf, this strong western boundary current splits into a smaller inshore component and a larger offshore component ( Figure 5 ; Loder et al., 1998) . These two components are separated by the Polar Front, which also serves as a barrier between an Arctic shelf zooplankton assemblage dominated by C. glacialis and a Labrador Subarctic Slope Water (LSSW) zooplankton assemblage dominated by C. finmarchicus (Conover et al., 1995) . During periods of increased volume transport in the Labrador Current, the Polar Front shifts west, increasing the abundance of C. finmarchicus in waters overlying the Labrador Shelf (Conover et al., 1995) . Farther downstream, the Labrador Current splits into three main components. The first component enters the Gulf of St Lawrence north of Newfoundland, the second continues inshore along the shelf, rounding Newfoundland, and entering the Gulf of St Lawrence from the southeast, and the third continues offshore, rounding the Grand Banks along the shelf break ( Figure  5 ). While rounding Newfoundland and the Grand Banks, several branches of the Labrador Current turn offshore, greatly reducing its transport before reaching the Scotian Shelf. On the Scotian Shelf, most of the surface volume transport occurs inshore as the Nova Scotian Current, although a weaker component, more closely associated with the slope water, continues offshore ( Figure 5 ; Loder et al., 1998 Loder et al., , 2000 .
The Nova Scotian Current is fed primarily by outflow from the Gulf of St Lawrence. The Gulf of St Lawrence outflow is colder and fresher than the slope water, and possesses a zooplankton assemblage with a strong Arctic shelf influence. This Arctic influence on the zooplankton composition of the Scotian Shelf is countered by intrusions of slope water rich in C. finmarchicus onto the shelf. Thus, on the eastern and middle portions of the inner Scotian Shelf, where the Gulf of St Lawrence outflow has its strongest contribution, C. finmarchicus is relatively less abundant (and C. glacialis and C. hyperboreus are relatively more abundant; Head et al., 1999) . In contrast, near the shelf-break and on the western Scotian Shelf, where intrusions of slope water have their strongest contribution, C. finmarchicus is relatively more abundant (and C. glacialis and C. hyperboreus relatively less abundant; Head et al., 1999) . The source, location, and extent of slope water intrusions onto the shelf are variable and likely to have significant effects not only on the zooplankton of the western Scotian Shelf, but also on ecosystems farther downstream ( Figure 5 ). During the 1960s, the increased transport of the Labrador Current and associated LSSW led to reduced salinity and temperature conditions on the western Scotian Shelf and in the Gulf of Maine (Petrie and Drinkwater, 1993; Loder et al., 1998; Drinkwater et al., in press ). These intrusions of fresher and cooler subarctic waters advected from the northeast can be linked to the lower abundances of C. finmarchicus observed in the Gulf of Maine during this period [ Figure 4 (a), (c) and (d)]. Although many details of the physical and biological processes underlying this linkage are not fully resolved at present, it does appear that the C. finmarchicus-poor decade of the 1960s observed in the Gulf of Maine can be traced back to its NAO origins.
From the early 1970s to the end of Jossi and Goulet's (1993) time series in 1989, the North Atlantic shifted into a strong positive phase of the NAO (Figure 2) . Warming in the Canadian Arctic increased ice melting and the input of cold fresh water from the Hudson Strait and the Baffin Current. The confluence of these waters with the West Greenland Current led to colder, lower salinity surface waters in the Labrador Sea. These surface conditions in the Labrador Sea resulted in greater deepwater convection and an increase in the formation of LSW (Figure 3) . At the same time, volume transport in the Labrador Current decreased, and the Polar Front shifted east, decreasing the abundance of C. finmarchicus in the waters of the Labrador Shelf (Conover et al., 1995) . Farther downstream, the diminished transport of the Labrador Current and associated LSSW resulted in the higher salinity and temperature conditions observed on the Scotian Shelf and in the Gulf of Maine (Petrie and Drinkwater, 1993; Loder et al., 1998; Drinkwater et al., in press ). These more saline, warmer conditions can be linked to the greater abundance of C. finmarchicus on the western Scotian Shelf (Herman et al., 1991; Sameoto and Herman, 1992) and in the Gulf of Maine, especially during the 1980s [ Figure  4 (a), (c) and (d)]. Once again, although our understanding is incomplete, it does appear that the C. finmarchicus-rich decade of the 1980s observed in the Gulf of Maine can be traced back to its NAO origins.
Concluding remarks
We propose an advection-based hypothesis linking the NAO to trends in Calanus finmarchicus abundance observed on the NW Atlantic Shelf from 1961 to 1989. This hypothesis is based on our current understanding of large-scale, physical oceanographic processes in the region and their responses to the NAO. Although the linkages suggested here seem reasonable, we recognize that many details of the physical and biological processes involved must be resolved further through field observations and numerical modeling.
Recent field studies associated with the US and Canadian Global Ocean Ecosystem Dynamics (GLOBEC) Programs have yielded several observations that provide additional insights into our advectionbased hypothesis. A dramatic, single-year drop in the NAO Index during 1996 led to the most extensive intrusion of LSSW into the Scotian Shelf/Gulf of Maine region of the NW Atlantic since the 1960s (Drinkwater et al., in press ). This subarctic slope water steadily advanced along the Scotian Shelf break and replaced the deep basin waters of the western Scotian Shelf and Gulf of Maine over the subsequent two years. By the late autumn of 1998, most of the warmer, more-saline Atlantic Temperate Slope Water (ATSW) in the deep basins of the Gulf of Maine had been replaced by the cooler, fresher LSSW. Simultaneously, C. finmarchicus exhibited a significant decline in abundance in the Gulf of Maine (CHG, J. Jossi, unpublished data), a response that can be attributed to the NAO-induced changes in ocean circulation that began two years earlier. This response was short-lived, however. The 1996 drop in the NAO Index was a single-year event, and the circulation patterns reverted rapidly back to those characteristic of positive NAO conditions. By autumn 1999, most LSSW that had recently entered the deep basins of the Gulf of Maine was once again replaced by ATSW. Although the CPR data for 1999 are not yet analysed, other zooplankton samples from the Gulf of Maine indicate that C. finmarchicus has recovered from the very low abundances observed in 1998 (CHG, unpublished data) .
Results from the recent GLOBEC field studies are consistent with an advection-based hypothesis and provide valuable insights into the physical and biological processes shaping the population dynamics of C. finmarchicus in the Gulf of Maine. Although of relatively short duration (less than a decade), these intensive field studies have yielded unprecedented quantities of regional hydrographic and species-specific ecological data. Using these data sets as a basis for scaling the key physical and biological processes operating in the region's LMEs (Aksnes and Blindheim, 1996) , we should be able to test whether or not our advection-based hypothesis for C. finmarchicus can withstand quantitative evaluation. Regardless of the outcome to this test, the effort involved in it will provide a foundation for future numerical modelling studies of regional biological oceanography. Once such regional models have matured, we will be capable of predicting how shelf populations of C. finmarchicus on both sides of the North Atlantic respond to basin-scale forcing and regime shifts Reid et al., 1998) associated with a changing climate.
